Abstract -A new fault location algorithm based on stationary wavelet transform and its verification experiment results are described for HVDC submarine cables in this paper. For wavelet based fault location algorithm, firstly, 4th level approximation coefficients decomposed by wavelet transform function are superimposed by correlation, then the distance to the fault point is calculated by time delay between the first incident signal and the second reflected signal. For the verification of this algorithm, the real experiments based on various fault conditions and return types of fault current are performed at HVDC submarine cable test yard located in KEPCO(Korea Electric Power Corporation) Power Testing Center of South Korea. It proves that the fault location method proposed in this paper is very simple but very quick and accurate for HVDC submarine cable fault location.
Introduction
HVDC submarine cable is usually used to connect the power system between long distance islands. If the fault occurs on this submarine cable, it is very difficult to detect the fault point because it is installed under the deep sea as well as the cable is very long [1] . For instance, the total length of a HVDC submarine cable that provides services in South Korea is approximately over l00 km and the depth of sea water is over 100m [2] . Also, the delay of accurately detecting the fault location may incur excessive economical damage because of extended recovery time. Generally, one of the most useful methods for fault location of submarine cable is TDR(Time domain reflectrometer). However, it is very difficult to understand the measured TDR waveforms. In addition it is very complicated to operate. So, extensive experience and special training are required for operators [3, 4] .
Generally, wavelet transform is very useful in signal processing and filter design for fault location because it has the ability to localize the signals in both time and frequency domains. The benefits of applying wavelet transform in fault location of power system have already been recognized by many researchers [5] [6] [7] [8] [9] [10] [11] [12] . However, the wavelet transform itself has limitations for accurate fault location because there are many irregular waveforms in measured original signal. Therefore, in this paper, a new fault location algorithm based on stationary wavelet transform is proposed for fault location of HVDC submarine cable. Firstly, the signal is measured by oscilloscope after injecting a pulse on faulty phase. The measured signal is decomposed by 4 th level wavelet transform. Then each level approximation is superimposed by correlation. Many noises can be removed from this process. Finally, the distance to the fault point can be calculated by time delay between the first incident signal and the second reflected signal. The proposed algorithm is also verified by the real experiments according to various fault conditions and return types of fault current at HVDC submarine cable test yard located in KEPCO Power Testing Center in Korea. From these results, the effectiveness of new fault location algorithm for submarine cable is sufficiently proved.
After brief review of the structure and parameters of HVDC submarine cable in second section, the stationary wavelet transform and wavelet based new fault location algorithm will be described in Sections 3 and 4. The algorithm will be tested by real experiments in Section 5. The last section concludes the paper.
Structure and Parameters of HVDC Submarine Cables
The type of HVDC submarine cable used for experiments of new fault location algorithm is 800 mm 2 CUMI, which is a cable on real HVDC system between Jeju and Haenam that is presently operating in South Korea. Fig. 1 and Table 1 show the structure and the mechanical and electrical parameters of this cable, respectively. 
Stationary Wavelet Transform
In this section, the basic principle of the stationary wavelet transform will be presented. Stationary wavelet transform uses upsampling at each level of decomposition that causes redundancy. In wavelet transform, the number of elements per scale and location are fixed independent of scale. The redundancy increases the elements per scale and location at coarse scales. In term of denoising, there is an advantage of having more orientations than necessary at coarse scales. Because of this characteristic, stationary wavelet transform is better applied in noise signal processing [13, 14] .
The stationary wavelet transform can be described as at each level, when the high and low pass filters are applied to the data, the two new sequences have the same length as the original sequences. To do this, the original data is not decimated. However, the filters at each level are modified by padding them out with zeros.
Supposing a function ( ) f x is projected at each step j on the subset j 
where ( ) x ϕ is the scaling function, which is a low-pass filter, , j k c is also called a discrete approximation at the resolution 2 j , j is the scale and k is the translation. If ( ) x φ is the wavelet function, the wavelet coefficients are obtained by: 
where ) (n g is the high-pass filer. The scalar products ( 1) ( 
Eqs. (4) and (5) are the multi-resolution algorithms of the traditional discrete wavelet transform. In this transform, a downsampling algorithm is used to perform the transformation. That is one point out of two is kept during transformation. Therefore, the whole length of the function ( ) f x will be reduced by half after the transformation. This process continues until the length of the function becomes one.
However, for stationary or redundant transform, instead of downsampling, an upsampling procedure is carried out before performing filter convolution at each scale. The distance between samples increases by a factor of 2 from scale j to the next. 
and the discrete wavelet coefficients are:
where l indicates the finite length.
Wavelet Based Fault Location Algorithm
The transient signal decomposed by wavelet transform shows clearly high value at the fault point, while the magnitudes of the other transients are relatively low. It is discovered that the wavelet maxima at a scale 2 j will propagate to another maxima at the coarser scale 1 
2
j + . The number of maxima is also reduced by increasing of scale. Through this wavelet transform characteristics, the correlation of approximation of wavelet transform can detect the reflection points of travelling wave.
For the white noises, on average, the number of maxima decreases by a factor of 2 when the scale increases by 2. Half of the maxima do not propagate from the scale 2 j to the scale 1 2 j + . We adopted a simple algorithm to remove the noise relied on the variations in the scale of the wavelet transform data of the signal by using direct multiplication of the wavelet data at adjacent scales [15] .
Generally, underground power cable systems including submarine cable use the detail signal with high frequency component for fault location when the fault occurs on the system because the fault signals include high frequency components. However, in this paper, the approximation coefficient of low frequency component is used for fault location of HVDC submarine cable. The approximation has an advantage for fault location analysis using injection of pulse because high frequency component is less in measured signals.
The original signal can be captured by oscilloscope after surge pulse which is the same as TDR being injected to faulty phase. Then the measured signal is decomposed by stationary wavelet transform. Finally, it is superimposed by correlation of multiple steps approximation coefficients. Many noises between the first incident signal and the second reflection are removed from this process. Fig. 2 shows the whole procedure of fault location algorithm for HVDC submarine cables. As shown in this procedure, firstly, the signal will be measured by oscilloscope after injecting a pulse on faulty phase. The measured signal will be decomposed by stationary wavelet transform. Where, supposing the signal is decomposed by wavelet at n levels, the approximation coefficients will be A 1 , A 2 , …, A n . Then approximations at first four scales will be multiplied directly as shown in Eq. (8), give a correlation 'Corr'. Finally, the distance to fault point can be calculated by time difference and propagation velocity. 3 shows the lattice diagram of the characteristic of travelling wave as the fault occurs on the test HVDC submarine cable. In this case, the arrival time of the first incident signal (TA t1 ) and second reflection(TA t2 ) at measuring point are detected using correlation of approximations. The distance(X) to the fault point can be calculated by Eq. (9) . This approach to locate the fault is simple and quick, but very accurate. The wavelet function applied in this algorithm is 'db4'. 
where υ is the propagation velocity on HVDC submarine cable and TA t1 and TA t2 are the arrival times of first incident and second reflected signal, respectively. Table 2 shows the real test conditions. As shown in Table  2 , Test cable 1 is used for Test 1 to Test 6. Test 7 is performed on Test cable 2. The propagation velocity of all test conditions is 142.4 m/㎲. In Test 1, the electrode between the core and sheath is solidly connected for artificial ground fault at 48 m from measuring point, and fault current is returned through earth. In Tests 2 and 3, the fault condition is equal to Test 1, but Delta T and return path of fault current are just changed to 4.0E-9 s and sea water, respectively. In Test 4, the electrode gap is increased from Test 3 in order to increase the fault resistance. In Test 5, the return path of fault current is changed to earth. Test 6 increases the electrode gap to increase the fault resistance for the returned fault current by earth. Test cable 2 is used for Test 7.
Verification Experiments
The unit of X-axis is changed by sampling point after wavelet transform of waveforms measured by oscilloscope. Therefore, the distance to fault point of Eq. (9) can be converted by application of sampling point and delta T(∆t) as shown in Eq. (10). 
where υ is propagation velocity on HVDC submarine cable, TA p1 and TA p2 are the sampling point of the first incident and the second reflected signal, respectively, and Δ t is decided by the sampling rate of oscilloscope. The criterion used for evaluating the algorithm is the location error which is defined as actual location-calculated location Error(%) 100 total line length = ×
Fig . 6 shows the measured original waveform of Test 1. The fault point of Test 1 is 48m from measuring point, fault current is returned through earth. As shown in Fig. 6 difficult to discriminate the second reflected signal because of the various waveform types and noises. Fig. 7 shows each approximation result of 4 levels stationary wavelet transform. Finally the second reflection point can be obviously discriminated after rescaling using multiple scales correlation of approximations as shown in Fig. 8 . Therefore, the distance to the fault point can be calculated. In this case, ∆t is 2E-9 s, the sampling points of the first(incident) and the second(reflection) are 242 and 580, and propagation velocity is 1.424×105 km/s. The calculated distance is 48.13 m as shown in Eq. (12) which is very close to the exact fault distance of 48 m. The error rate is just 0.06 %. In case of Test 2, the test condition is the same as Test 1, but sampling rate is changed on oscilloscope. Fig. 9 shows the measured original waveform of Test 2. Fig. 10 shows the rescaling waveform using multiple scales correlation of approximations. As shown in Fig. 10 , the second reflection point can be obviously discriminated for fault location. Fig. 11 shows the system diagram of Test 3. As shown in Fig. 11 , the grounding type is changed by sea water return type. 15 ground rods are also installed for maximizing the grounding effects. The total length and fault point of test cable is the same as in Test 1 and Test 2. Fig. 12 shows the original signal captured by oscilloscope, and Fig. 13 is each approximation result of 4 th level wavelet transform. As shown in these figures, the waveform becomes easy slope comparing with Tests 1 and 2. Therefore, it is more difficult to discriminate the second reflected signal. However, after rescaling using multiple scales correlation of approximations, the noise is significantly removed. As shown in Fig. 14 , the reflected point can be easily detected. Finally, the distance to fault point can be calculated by the time difference. In this case, ∆t is 2E-9 s, the calculated distance is 48.8 m which is also very close to the exact fault distance of 48 m. The error rate is just 0.41 %.
In Test 4, the gap distance between core and sheath is expanded for increasing a fault resistance of fault point at fault condition of Test 3. Fig. 15 shows the captured original waveform by oscilloscope. As shown in figure, it is also hard to discriminate the exact second reflected point. However, the first and the second reflection point can be obviously discriminated for fault location through rescaling waveform using multiple scales correlation of approximations as shown in Fig. 16 . In this case, the calculated distance is 47.9 m, and the error rate just shows 0.05 %. Therefore, it proves that the fault resistance has no big influence for fault location using new fault location algorithm proposed in this paper.
In Test 5, the return path of fault current is just changed by earth in sea water of Test 3. Fig. 17 is the original signal. Fig. 18 shows the signal after rescaling waveform using multiple scales correlation of approximations. As shown in Fig. 18 , the first and the second reflection point can be obviously discriminated for fault location, the distance to fault point can be easily calculated. In this case, the calculated distance is 50.5 m, and the error rate shows 1.28 %. Although the calculation error is a little higher than other test conditions, it is still a low value.
In Test 6, the gap distance between core and sheath is expanded for increasing a fault resistance of fault point at fault condition of Test 5. Fig. 19 shows the captured original waveform by oscilloscope. Fig. 20 is the signal after rescaling waveform using multiple scales correlation of approximations. As shown in this figure, the first and the second reflection point can be obviously discriminated for fault location. The distance to fault point can be calculated as 50.5 m. It is equal to Test 5. In Test 7, the sound HVDC submarine cable is used for fault location test as shown in Fig. 5 . The total length is 80m, the core of opposite terminal is opened. The propagation velocity of Test 7 is the same as other tests, the sampling rate is 4E-9 s. In this case, the location of opposite termination can be detected because there is no any fault point inside cable section. Fig. 21 shows the captured original waveform by oscilloscope. Fig. 22 is the signal after rescaling waveform using multiple scales correlation of approximations. As shown in this figure, the first and the second reflection point can be obviously discriminated for opposite termination. From this result, the distance can be easily calculated. In this case, the sampling points of the first and The new fault location algorithm for HVDC submarine cable system has been tested for a variety of performed fault conditions. The maximum error rate is 1.3 % and the average error rate is 0.63 % that is less than 1 %. From these results, the accuracy of the new fault location algorithm proposed in this paper has been verified. The calculation results and error rate for fault location in all test conditions are shown in Table 3 .
Conclusions
The new fault location algorithm based on stationary wavelet transform is proposed in this paper. The signals measured by oscilloscope are decomposed by wavelet transform. They are also rescaled by multiple scales correlation of approximations. In other words, the approximation coefficients at first four scales are multiplied directly in order to discriminate the incident and reflection point. Finally, the distance to fault point can be calculated by time delay between the first incident and the second reflection. The proposed algorithm is also verified by 7 test conditions performed at HVDC submarine cable test yard. The average error rate is 0.63%, and the results of all tests show very accurate regardless of fault conditions. From these results, it is verified that the fault location algorithm proposed in this paper is very accurate and useful. 
